ABSTRACT Several conflicting models have been used to characterize the gating behavior of the cardiac delayed rectifier. In this study, whole.cell delayed rectifier currents were measured in voltage-clamped guinea pig ventricular myocytes, and a minimal model which reproduced the observed kinetic behavior was identified. First, whole.cell potassium currents between -10 and +70 mV were recorded using external solutions designed to eliminate Na and Ca currents and two components of time-dependent outward current were found. One component was a La3+-sensitive current which inactivated and resembled the transient outward current described in other cell types; single-channel observations confirmed the presence of a transient outward current in these guinea pig ventricular cells (3, ----9.9 pS, [K] o = 4.5 mM). Analysis of envelopes of tail amplitudes demonstrated that this component was absent in solutions containing 30-100/~M La s+. The remaining time-dependent current, IK, activated with a sigmoidal time course that was well-characterized by three time constants. Nonlinear least-squares fits of a four-state Markovian chain model (closed -closed -closed -open) to I K activation were therefore compared to other models previously used to characterize I K gating= n ~ and n 4 Hodgkin-Huxley models and a Markovian chain model with only two closed states. In each case the four-state model was significantly better (P < 0.05). The failure of the Hodgkin-Huxley models to adequately describe the macroscopic current indicates that identical and independent gating particles should not be assumed for this K channel. The voltage-dependent terms describing the rate constants for the four-state model were then derived using a global fitting approach for I K data obtained over a wide range of potentials (-80 to +70 mV). The fit was siguificandy improved by including a term representing the membrane dipole forces (P < 0.01). The resulting rate constants predicted long single-channel openings (>1 s) at voltages > 0 mV. In cell-attached patches, single delayed rectifier channels which had a mean chord conductance of 5.4 pS at + 60 mV ([K]o = 4.5 mM) were recorded for brief periods. These channels exhibited behavior predicted by the four-state model: long openings and latency distributions with delayed peaks. These results suggest that the cardiac delayed rectifier undergoes at least two major transitions between closed states before opening upon depolarization.
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INTRODUCTION
For many ion channel proteins, the likelihood of conformational changes associated with gating of ion permeation is determined by transmembrane potential. A description of channel gating can facilitate characterization of the functional biological properties of these channel proteins and their interactions with ligands (Armstrong, 1975; Hille, 1977; Hondeghem and Katzung, 1977) . One of the most direct ways to study ion channel gating is to record single-channel currents. However, some channels are only very infrequently recorded. For example, similar to Clapham and DeFelice (1985) , we find delayed rectifier channels (I~ in cardiac ventricular cells in only a small fraction of on-cell patches, and once identified, the channel activity disappears rapidly. In this study, we analyzed both whole-cell and single-channel currents to determine a model that describes the gating behavior of cardiac delayed rectifier channels. Noble and Tsien (1969) , using sheep Purkinje strands, demonstrated the presence of time-dependent outward current carried largely by potassium ions at voltages in the range of the action potential plateau (-40 to + 20 mV) . Two exponentials were required to describe the kinetics of current they measured, and the two kinetic components exhibited different rectification and ion selectivity properties. They proposed that two distinct currents, labeled Ix1 and Ix~, were responsible for the time-dependent outward current. In studies of cat ventricular fibers, McDonald and Trautwein (1978) characterized the time-dependent outward current in a similar fashion. However, it has been recognized that accumulation of potassium ions in the extracellular spaces after prolonged membrane depolarization may distort the observed kinetic behavior in multicellular preparations by altering the K + electrochemical gradient (McDonald and Trautwein, 1978; Cohen et al., 1986) . In disaggregated cells, such as canine Purkinje myocytes (Mathias et al., 1985) or guinea pig ventricular myocytes (Matsuura et al., 1987) , accumulation is minimized.
Another factor complicating the kinetic analysis of delayed rectifier current in whole-cell preparations is the presence of other time-dependent currents over the "plateau" voltage range. Inward plateau currents through Ca channels or lateopening Na channels were not blocked in the early experiments and may have distorted the measurements (Cohen et al., 1986) . In addition, time-dependent potassium currents, such as transient outward currents, can complicate the analysis of I a ; we present evidence below for a transient outward current in guinea pig myocytes. Thus, the use of single cells and block of other timedependent currents allowed a quantitative analysis of I K kinetics.
The parallel conductance hypothesis proposed by Noble and Tsien (1969) is not the only model that can account for the observed multiexponential behavior of this current. After addressing the accumulation problems discussed above, two groups provided evidence that the biexponential kinetics observed in activation and deactivation were not an artifact of ion accumulation Bennett et al., 1985) , and further, that the observed biexponential kinetics did not necessarily result from two distinct channel types with different monoexponential kinetics activating in parallel. Bennett et al. (1985) showed that the two components of I x shared the same reversal potential (and therefore ion selectivity), suggesting that both components could result from the same population of channels. By separating the activating current into fast and slow exponential components, Gintant and co-workers (1985) showed that the time course of activation of the fast and slow components could not be described by the envelope of the respective fast and slow amplitude terms measured from biexponential tail currents. Hence, both groups proposed that the delayed rectifier in Purkinje cells was better described by a single population of channels having multiexponential kinetics. Further support for a model with higherorder kinetics was obtained in both guinea pig ventricle (Snyders et al., 1986; Matsuura et al., 1987) and frog atrium (Hume and Uehara, 1985; Hume et al., 1986; Simmons et al., 1986) where it was demonstrated that I K activates with a sigmoidal time course. Two increasing monoexponential processes in parallel cannot produce such behavior. Five models for ion channel gating, and the corresponding solutions for the probability of occupying the open state (P,,o~n) are shown. Each a, ~, ko is a function of membrane potential. Model 1 is the simplest possible state model, models 2 and 3 are Hodgkin-Huxley (HH) models, and models 4 and 5 are general Markovian chain models. Hodgkin and Huxley (1952) first proposed a gating model for the delayed rectifier K channel in squid giant axons. Their model provided for multiple, independent gating particles which opened and closed with first-order kinetics as functions of voltage. Gating formalisms of this type have proven useful for describing the kinetic behavior of delayed rectifier currents in many neuronal and cardiac tissue types, although the number of gating particles necessary to simulate the observed kinetic behavior has varied tremendously (from 1 to 25; see Cole and Moore, 1960; Young and Moore, 1981; Hume et al., 1986; Simmons et al., 1986; Matsuura et al., 1987; Furukawa et al., 1989) . A major feature of Hodgkin-Huxley models is the constraint that the voltage-dependent rate constants must bear a fixed integral relationship to one another (or, 2a, 3a...; ... 3/3, 2/3,/3), resulting in a limited range for the system time constants.
In contrast, we (Bennett et al., 1985; Roden et al., 1988) and others Cohen et al., 1986) have considered an alternate gating scheme to account for multiexponential delayed rectifier gating in cardiac cells. Instead of postulating identical, independent gating particles within each channel, the channels were viewed as having multiple closed states in series. Similar multistate models have been used to characterize delayed rectifier gating in crayfish giant axon (Young and Moore, 1981) , frog node (Palti et al., 1976) , and squid axons (Conti and Neher, 1980) . Like higher-order Hodgkin-Huxley models, this type of general Markovian chain allows sigrnoidal activation kinetics since the channels move through multiple closed states before opening. However, no fixed relationship among the system time constants is required. Hence, models from the two classes make different testable predictions about the relationship of the system time constants at all voltages. As described further below, we found that extension of the general Markovian chain model was most consistent with our observations in guinea pig ventricular myocytes. State diagrams of models from both classes are shown in Table I .
The goal of this study was to develop a quantitative description of the gating kinetics of the delayed rectifier channel and to rule out models that were inadequate. To accomplish this, we first identified conditions under which the delayed rectifier whole-cell current could be examined in the absence of other time-dependent currents. We were then able to determine the simplest state model from the two classes described above that characterized the kinetic features observed. Once a model for channel gating was selected, we determined the voltage dependence of the rate constants and compared these kinetic predictions to delayed rectifier single channel activity recorded from on-cell patches.
METHODS

Tissue Preparation and Voltage Clamp Conditions
Ventricular myocytes were obtained from 200-300-g guinea pigs using a Langendorff perfusion technique (Farmer et al., 1983 ; modified as described in Roden et al., 1988) . Isolated cells were stored for subsequent use at 37~ in medium 199 (CaCI 2 ----1.3 raM, Sigma Chemical Co., St. Louis, MO) which was supplemented with B~ 1 mg/liter, thyroxine 1 mg/liter, insulin 25 rag/liter, transferrin 10 rag/liter, and Na Selenite 0.01 rag/liter. Fetal calf serum 5%, penicillin 1 x 105 U/liter, streptomycin 100 rag/liter, and amphotericin B 250 mg/liter were also included. After 2-24 h of incubation, a small aliquot of cells was placed in a 0.5-ml chamber on the stage of an inverted microscope. To eliminate non-K currents during depolarizing voltage-clamp steps, cells were superfused at 1 ml/min with N-methyl-I~glucam-ine 150 mM (in some cases Tris-HC1 or choline-Cl were used as NaC1 replacements), KC1 4.5 mM, MgCI~ 2.0 mM, CaC12 0.1 mM, CdCI~ 0.1 mM, glucose 12.5 mM, pH to 7.4 using HC1. As described further below, for experiments used to define I K kinetics, LaCI 3 (0.03 mM) was added to the external solutions to remove time-dependent currents other than I X. The bath temperature was measured with a thermistor probe, and was usually maintained at 30 -+ I~ by a Peltier-effect device (exceptions to these conditions are noted).
Delayed rectifier currents were measured using the whole-cell configuration of the patchclamp technique (Hamill et al., 1981) . It has been well established that cardiac delayed rectifier exhibits rundown with time after rupture of the membrane patch. Possible causes for this phenomenon may include allosteric effects of elevated intracellular (Mg 2+ from the pipette solutions (Duchatelle-Gourdon et al., 1990 ; bullfrog atrial cells) and wash-out of critical intermediates in the/~-adrenergic pathway (Hume, 1989 ; guinea pig ventricular cells). Thus, for experiments aimed at accurately assessing delayed rectifier kinetics, the whole-cell voltage clamp technique was modified in a fashion similar to that described by Hume and Giles (1983) to use small electrodes, thereby minimizing rundown. Glass electrodes (borosilicate Radnoti; Glass Technology, Inc., Monrovia, CA) contained KC1 450 raM, MgCI~ 2 raM, HEPES 10 mM, CaCI 2 1 raM, EGTA 11 raM, MgATP 5 raM, K,zATP 5 raM; pH adjusted to 7.2 using KOH. Tip diameters were <1 #In to minimize exchange with the cell interior and prevent net KCI accumulation; elevated KC1 in the pipette provided tip resistances of 3-5 m12. Cells chosen for study were rod-shaped and striated, and were typically 80-120 #m in length. Conditions utilized for the cell-attached patches described below are provided in the appropriate figure legends.
Voltage Clamp
We have estimated the whole-cell voltage clamp characteristics using these electrode and cell characteristics. The response characteristics can be readily calculated given estimates of the membrane resistance and capacitance as follows (Lecar and Smith, 1985) : (lb) R, is the access resistance, Cm is the membrane capacitance, and V c is the clamp potential. Since the largest currents were <1 nA at the maximum clamp potential utilized (+70 mV, ~150 mV positive to EK), the membrane resistance R m was >150 Mfl. We assumed C m _< 75 pF (cylindrical myocyte _< 120 #m in length, diameter _< 20 #m, specific capacitance = 1 #F/cm ~) and R~ _< 10 Mfl. Hence, ~-was 0.71 ms (Eq. la) and steady-state V m was +66 mV (Eq. lb) when Vc was + 70 mV (maximum steady-state error _< 4 mV).
To estimate the spatial voltage gradient along the myocyte, we calculated the space constant ~, for a one-dimensional cable with diameter (d):
Assuming the above maximum dimensions for a cylindrical myocyte, a specific membrane resistance (R'm) of 11,310 fl-cm 2 (from R m = 150 Mfl), and an intracellular specific longitudinal resistance (R~) of 100 fb-cm (Lecar and Smith, 1985) , the space constant ~, was 2,380 #m. Hence, the spatial voltage error (%) at some distance (X) from the electrode tip was 100 (1 -e~-'/~ss~ For a 120-#m cell, at the end of the cell (60 #m from the electrode), the maximum spatial voltage error was therefore < 2.5%.
To direcdy assess the speed of the clamp, a minimally filtered (5 kHz) capacity transient was measured after a 100-mV step; a hyperpolarizing step was used to avoid possible confusion of the capacitance artifact with transient outward currents or an undescribed rapid component of I K activation. Fig. 1 shows the current resulting from a step from -30 mV (a voltage just below the threshold for Ig activation) to -130 mV; the membrane capacitance was fully charged in <3 ms. This suggests a time constant <1 ms, similar to predicted value. In the whole-cell experiments described below, currents were low-pass filtered at 50 Hz (four-pole Bessel filter), and then digitized at 200 Hz. Using this filter setting, the capacity artifact was spread over 20 ms after a voltage step (Fig. 1) ; hence, data collected from 0 to 30 ms after a voltage clamp step were ignored. For activation steps from -70 to + 60 mV, the macroscopic current 80 ms after the voltage step was <1% of steady-state; thus, the relative amount of I K activation during the initial 30-ms period was not significant.
Normalizing Data
Whole-cell IK(t, V) data were transformed into Pop~o(t, V) in the following way (Fig. 2 ). After 5 s of I K activation at voltages from -20 to + 70 mV, deactivating tail amplitudes were measured at -30 mV (tail amplitude = difference between current measured at t = 25 and t = 5,000 ms at -30 mV). Since these tail amplitudes reflect steady-state I K activation at the preceding voltage, the appropriate scaling factors between current and voltage were derived using nonlinear regression (SIMPLEX; Nelder and Mead, 1965) to fit the following Boltzmann equation to the tail amplitudes:
In this equation, V h is the half-maximal voltage, Iv~ X is the fitted maximal current corresponding to 100% of the channels open, and sfis a slope factor. These three parameters (Ir, ma~, V h, and sf) were then used to scale all whole-cell currents from a given experiment into open channel probabilities. We assume Pop~, = 1.0 when I = IKma~; hence, Popr V)/lam~,. Eq. 3 is the solution for the steady-state partitioning of a system between two states.
Although we consider models with more than two states in our kinetic analysis, the system can apparently be partitioned at steady-state into two pools, open and not open (Fig. 2) ; thus, Eq. 3 was used to normalize the data.
Fitting Analytical Solutions for Gating Models to Pot~ Data
For all of the gating models examined, the solution for the time course of occupying the open state at any one voltage may be expressed as a specific combination of time constants and amplitude terms. We used the SIMPLEX regression technique to fit the solutions given in Table  I for n 2 and n 4 Hodgkin-Huxley models and three-and four-state Markovian chains to the macroscopic time course of the activating delayed rectifier currents. Since the n 2 HodgkinHuxley and three-state Markovian chain models were subsets of the four-state general Markovian chain (model 5, Table I ), they were "nested" and therefore could be compared to the more general model using a test for nested model discrimination (Horn, 1987) . If n data points are fitted with two models A and B, and if model A has residual sum-of-squares error SSE A and a free parameters and is a restricted subset of model B (with sum-of-squares error SSE B and b free parameters), then the statistic T comparing the two models is defined as follows:
The T statistic has an F distribution and may therefore be compared to tabulated values at specific a levels of significance. At each voltage, fits of the reduced models (models 2 and 4 in Table I ) were compared to that for the full model (model 5 in Table I ). Since more than two models were fit to each data set, the full model was deemed to provide a significandy better fit at a particular voltage at the 0.05 level only if the T statistic was associated with a P were then fitted to a Boltzmann distribution (Eq. 3).
value < 0.01 for all six data sets at that voltage (Godfrey, 1985) . Since the error distributions were unknown, the unweighted sum-of-squares error was used as a fitting criterion. To the extent that the error standard deviations are not constant, the validity of the sum-of-squares as a maximum likelihood estimator decreases. However, this does not compromise our conclusions because in all cases the best model was obvious from visual inspection.
Rate Constant Estimation through Global Fitting
All of the Hodgldn-Huxley models shown above have solutions for the probability of channel opening that are functions of only two independent rate constants (a and B, see state models 1, 2, and 3 in Table I ). However, large numbers of independent rate constants are present in the general Markovian chain models (k~j, see models 4 and 5, Table I ); for such models with more than two states, the voltage-dependent rate constants are underdetermined at any single voltage. For example, model 5 contains four independent states, and is therefore described by a system of four first-order differential equations (functions of voltage) with six unknown rate constants. Hence, unlike the Hodgkin-Huxley models, unique values for the rate constants cannot be determined by fitting data at only one voltage (four equations, six unknowns). To overcome this obstacle, we utilized a numerical approach which allows global determination of the rate constants from macroscopic currents over a wide range of voltages (Balser et al., 1990) .
To determine the values of the rate constants over a range of voltages, the rate constants were parameterized as exponential functions of voltage as follows:
This is a form of the equation given by Stevens (1978) . The A term reflects the generalized attempt frequency for transiting the energy barriers that separate the channel conformations as well as the free energy barriers that exist in the absence of an electric field. The B term reflects the effect of the membrane field on the free energy difference between a given conformation i and the transition from state./', and C reflects the field-induced dipole effects which allow rate constants to saturate and/or reverse direction as a function of voltage. We have examined a simpler parameterization for the rate constants as well:
This parameterization, which omits the influence of field induced dipole effects, is a subset of Eq. 5a; sum of square errors derived from fitting data sets to both parameterizations can therefore be compared using the T statistic (Eq. 4) as described above for distinguishing among nested models.
The global fitting procedure determines the parameters Aq, B o ... which define the model rate constants over a range of potentials. For the four-state model, using the parameterizations given by Eq. 5a for each of the 6 rate constants would provide a total of 18 unknown parameters (six unknown rate constants k~, each determined by the three parameters AO, Bij, C~j) . By fitting this model to data collected over at least five voltages, 20 equations would be generated, and the unknown parameters would no longer be underdetermined. For the global fits described below, data collected at a minimum of 14 voltages were used.
Details of the global fitting procedure have been reported previously (Balser et al., 1990) . In brief, a numerical integrator was used to calculate the open state occupancy for a given set of rate constants (LSODA; Hindmarsh, 1983; Petzold, 1983) . To compare the calculated open state occupancy to the data and update the parameters, a modified SIMPLEX algorithm (Nelder and Mead, 1965) for minimizing the residual sum of squares was used. Each time the parameter search converged, the procedure automatically restarted using the parameters of best fit as initial guesses until the same minimum SSE for the fit was obtained to within 0.00001 on two consecutive searches, thereby maximizing the likelihood of convergence at the global minimum. In general, up to 20,000 iterations were necessary before the parameters of best fit were obtained. Because of the long execution times intrinsic to the global fitting procedure (3-6 d of computation per data set using a COMPAQ (Houston, TX) 386 20-MHz PC with model 80387 coprocessor support and NDP 32-bit FORTRAN, Phar Lap Software, Inc., Cambridge, MA), data sets were reduced such that the macroscopic current at each voltage contained 30 points, with points divided equally among first approximations to the three time constants (900, 1,000, and 5,000 ms). Global fits for determination of rate constants were performed using complete data sets from six different cells. Grouped data are reported as mean + 1 SE unless otherwise specified.
Analysis of Single-Channel Data
Data were analyzed with custom software written in BASIC (Microsoft, QuicksAsIC) which allowed digital filtering, generation of amplitude histograms, and event detection based on a half-amplitude criterion (Colquhoun and Sigworth, 1983) . Ampfitude histograms were fitted to sums of gaussians using the SIMPLEX algorithin for minimizing the sum-of-squares. For multichannel patches, open times were determined by using a first-open, first-closed scheme. We have found this method provides similar results to other methods using random assignment of closures to openings. Exponential functions were then fitted to open times using the SIMPLEX algorithm. Probability of opening versus time ensembles were calculated by dividing the ensemble average current from a series of recorded current sweeps by the estimated single channel current and the number of channels in the patch. The number of channels in a patch was estimated by using binomial analysis as described in detail by Patlak and Horn (1982) . For analysis of the time to first opening, we used the half-amplitude criterion (two consecutive samples greater than or equal to one-half the unitary current amplitude) and ignored sweeps that contained no openings. The resulting latency histograms were scaled into probability density by dividing by the total number of latencies and the bin size. Using the rate constants determined previously from the global fits to the six sets of whole-cell data, we predicted the times to first opening by assuming the open state of model 5 (Table I) was an absorbing state (k34 = 0), as described by Patlak and Horn (1982) . Numerical integration was then used to calculate the cumulative distribution functions for the probability that channels were open as of time ----t; the distributions calculated from each of the six sets of fitted rate constants were then averaged, and the mean distribution was corrected for channel number (Patlak and Horn, 1982 ; Eq. A17) and the temperature difference between the whole-cell and single channel records (T ----22~ for single channels, T = 30~ for whole-ceU currents; ~0 = 3). Using a Lagrange interpolation algorithm (Shoup, 1983) , the average cumulative distribution was then converted to a probability density function for comparison to the experimentally measured times to first opening.
RESULTS
Examination of Time-dependent Outward Current Components
Although our external solutions were extensively modified by Na + removal, lowered Ca 2+, and addition of Cd 2+ to eliminate inward currents, we could not exclude the possibility of outward, time-dependent currents other than I K. We therefore performed "envelope tests" (Noble and Tsien, 1969) ; current tail amplitudes at -30 mV after depolarizing pulses of increasing duration were compared to the current measured directly during the longest depolarizing pulse. Fig. 3 shows an envelope test performed at + 50 mV. The current tail amplitudes increased more rapidly than the developing current during the step to +50 mV; the same discrepancy was consistently noted at + 20 inV. Hence, the two measurements of activation exhibited kinetic differences, suggesting the presence of multiple time-dependent outward currents. When La 3+ was superfused, there was a reduction in the current tail amplitudes (0 , Fig. 3) ; the effect on tail currents following brief depolarizations (<2 s) was greater than on those after longer depolarizations (>2 s). In the absence of La ~+, the envelope test at + 50 mV was never satisfied (six of six experiments), whereas in the presence of La s+ the envelope test was satisfied (30-100/~M, four of four experiments; 10 #M, two of four experiments), suggesting that in the presence of La s+, the time-dependent outward current is produced by a single class of K channels. were performed in the absence and presence of 30 uM LaCI s (here T = 25"C). Timeindependent currents have been subtracted, and the activating current at + 50 mV in La 3+ was scaled by 1.61 to correct for rundown during the control (pre-La ~ § period. (e) Tail current amplitudes that have been scaled by a factor such that the two measurements coincide at the 6-s time point (scaling factors: baseline tails x 1.14; La 3+ tails x 2.86). (Bottom, m/dd/e) The same activating currents at + 50 mV measured before and during La 3+ superfusion are shown superimposed. The LaS+-sensitive current (baseline minus corrected current in La 3+) is also shown.
+50 mV
At the bottom of Fig. 3 the activation of time-dependent outward current measured directly at +50 mV is shown before and after the addition of La 3+, along with the Laa+-sensitive current. At concentrations from 10-30 vM, La 3+ had little or no effect on the magnitude of the steady-state outward current at positive voltages, suggesting that La 3+ does not reduce I K. The time course of the Lan+-sensitive current shown in Fig. 3 resembles that of a transient outward current. In fact, in experiments aimed at characterizing single potassium channels in guinea pig ventricular cells using cell-attached patches with physiological external K + concentrations, a potassium channel has been identified which inactivates in the manner expected for a transient outward current (Fig. 4) . By using voltage ramps during episodes of channel opening, we have measured a slope conductance of 9.9 pS and a negative reversal potential (-50 mV, [K o] = 4.5 mM), suggesting that the channel predominantly conducts potassium ions. We have not been able to determine whether this K channel is LaS+-sensitive; its frequency of appearance in on-cell patches is low, consistent with reports that transient outward current is not usually observed in these cells (Josephson et al., 1984) . (Snyders et al., 1986; Matsuura et al., 1987) . Secondly, I x activation contained a relatively slow component; the current was still increasing after 5 s of activation. We tested whether two Hodgkin-Huxley models (Table I) could simulate the observed kinetic behavior; the n ~ (model 2) and n 4 (model 3) Hodgkin-Huxley models were examined. Although both models provided good simulations of Ix activation at -10 to + 20 mV, at higher voltages they did not describe the data well. Increasing the power of the activation variable from 2 to 4 did not appear to improve the fits. When the data set was reduced to include only the early part of I x activation (the first 1,000 ms), an n ~ model provided a good approximation to the data at all voltages tested (Fig. 5, bottom 
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right).
Next, the three-state Markovian chain model (Table I , model 4) was tested. This model approximated the data well ( Fig. 6 a) ; examination of the fitted parameters revealed two activation time constants which differed by nearly an order of magnitude 0"1, ~'2 = 301 _+ 129, 1840 _+ 415 ms at +40 mV; n = 6). However, expanding the first 500 ms of the fit indicated that the sigmoidal nature of I x activation was not well simulated by this model (Fig. 6 a, top right) . When only the first 1,000 ms of the same data set were fitted (Fig. 6 a, bottom right) , the early period of activation was well simulated (71, ~'~ ----80 • 10, 569 • 35 ms at +40 mV; n ----6). This analysis suggests that a model which simulates all the essential kinetic features of I x activation must have at least three time constants which may vary over a range of two orders of magnitude. The simplest model which met these requirements was the four-state Markovian chain (Table I, model 5) . This model reproduced all of the features of the data, including the sigmoidal nature of I x activation, at all voltages tested (Fig. 6 b) . As suggested above, the three system time constants varied by up to two orders of magnitude (T 1, ~'2, rs = 61 • 13, 555 • 49, 5,231 _+ 1,554 ms at +40 mV; n ~ 6).
The sum-of-square errors from fits of the four-state Markovian chain model were compared to those from the simpler models using a P < 0.01 criterion for significance (see Methods). The four-state model was significantly better than the n 2 Hodgkin-Huxley model at + 10 to + 70 mV in six of six data sets; it did not, however, show a statistical improvement over the n ~ model in one of six data sets at 0 and -10 mV. Although the n 2 and n 4 Hodgkin-Huxley models both have two degrees of freedom (ct,/5), the n 4 model cannot be compared to the four-state Markovian chain using the T statistic for nested model comparison (Eq. 4) since it has five states ( Table I) and is therefore not a subset of the four-state model; however, at all voltages, in six of six data sets, the sum-of-squares errors for the n 4 model were greater than or equal to those for the n ~ model. The four-state model provided a significantly better fit than the three-state Markovian chain at + 30 to + 70 mV in six of six data sets; however, it did not show improvement over the three-state model in one of six data sets at + 20 mV, three of six data sets at + 10 mV, four of six data sets at 0 mV, and five of six data sets at -10 mV. Thus, the four-state model was superior to both the Hodgkin-Huxley n 2 and n 4 models and the three-state Markovian chain model.
Rate Constant Estimation through Global Fitting: Predictions of Single Channel Behavior
In order to derive rate constants for the four-state Markovian chain, the model was fitted to each of six sets of macroscopic current data obtained from six different Fig. 7 . One protocol (top left) was used to obtain kinetic information during I K activation (clamp at -70 mV, step to + 10 to + 70 mV), whereas another protocol (top right) was used to obtain similar information during I K deactivation (clamp at -70 mV, step to +50 mV for 5 s, then step to +10 to -50 mV). Since I K is small at voltages near EK, the latter protocol was inadequate for obtaining kinetic information below -50 mV. Therefore, a paired pulse protocol (Fig. 7, bottom) was used. I K THE JOURNAL OF GENERAL PHYSI OLOGY 9 VOLUME 96 9 1990
was activated for 10 s at + 50 mV, and then deactivated for various test intervals at -80 mV. After the test interval, I K was activated at + 20 mV for 400 ms and the resulting current collected for the global fitting procedure. Using this procedure, currents at + 20 mV were larger after short times at -80 mV than after long times, reflecting the time course of deactivation of I K at -80 mV. Kinetic information was obtained at -60 mV in four of six experiments in a similar fashion. The global fit shown in Fig. 7 resulted from using the three-parameter expression for the rate constants (Eq. 5a). The two-parameter expression which omits the dipole term CoV 2 (Eq. 5b) was also fitted to each of the six data sets. Table II shows the sum of squares errors obtained from fitting each of the data sets using both parameterizations. The first 500 ms of the fit to 5,000 ms of data at +40 mV is expanded to show the adequacy of this model for simulating the earliest phase of activation.
These were compared using the T statistic (Eq. 4) as described above for distinguishing among nested models. In six of six experiments, the three-parameter expression was significantly better (P < 0.01). The globally fitted rate constants for all six data sets using the three-parameter expression are summarized in Fig. 8 . These rate constants were used to predict the steady-state Popr (t = 200 s) vs. voltage relationship and the mean open times for single channels (Fig. 9) . The half-maximal voltage was 26 mV, and the slope factor was 13.5. The predicted open time at 0 mV was 1 s and increased as the voltage became more positive. The uncertainty in the open time at positive voltages depended on the uncertainty in rate constant ks4 at these voltages (Fig. 8) .
Single-Channel Delayed Rectifier Recordings
On two occasions (from 263 attempts) we have succeeded in recording single channels for brief (4-5 rain) periods in cell-attached patches (Fig. 10 , conditions given in figure legend) which exhibit the kinetic behavior expected for a delayed rectifier channel. To activate channels, patches were stepped from the cell resting potential to a potential 140 mV positive, causing outward unitary currents which activated after a delay. Since physiologic external and pipette potassium concentrations were used ([K]o ----4.5 mM), there is uncertainty in the clamp voltage since the resting potential is unknown. However, in the whole-cell experiments reported here, using similar external solutions, the zero-current potential was -81 _+ 3 mV (n = 6). Hence, we estimate that the unitary CUlTents were recorded at a membrane potential of approximately + 60 mV. Binomial analysis (Patlak and Horn, 1982) indicated that one patch (left) had three channels and the other (right) had two channels.
Activating
Subconductance levels were also seen (e.g., Fig. 10 left, sixth sweep from the top).
Ensemble probabilities for channel opening are given below the respective singlechannel sweeps, and are corrected for channel number and unitary current estimated from amplitude histograms (see below). These ensembles were calculated from 29 sweeps recorded from the three-channel patch and 21 sweeps from the two-channel patch. Amplitude histograms for both patches at -+60 mV are shown in Fig. 11 (top) . The open amplitudes were estimated from fitting the histograms to sums of gaussians Minimum sum-of-squares errors (SSE) for six experiments where two-and three-parameter expressions defining the voltage dependence of the rate constants were utilized. The three-pm-ameter fits were statistically better than the two-parameter fits at P < 0.01 in six of six cells. T statistics were calculated using Eq. 4. patches are shown in Fig. 11 (bottom) after scaling into probability density (bin width 90 ms). The three-channel patch provided 20 latencies, and the two-channel patch provided 14. The superimposed solid lines indicate the predicted latency distribution from global fits to the whole-cell delayed rectifier currents using the C-C-C-O model.
Visual inspection of the records shown in Fig. 10 indicates multiple types of opening behavior for these channels. There are long openings (>-500 ms) which are separated by gaps in channel activity, as well as brief open events (tens of milliseconds) which occur both in isolation and between intermittent brief closures within some of the long openings. Both patches contained both types of openings; therefore, in order to generate enough events to evaluate these components, the open times from both patches were pooled. Fig. 12 (/eft) shows the distribution of open times. These were fitted to a two exponential function (11, Fig. 12, right) ; the fitted time constants were "/'1 = 70 ms, "/'2 = 642 ms. The first component is illustrated by the solid line (Fig. 12 , r/ght); the second exponential was underestimated due to the low number of events and the length of the clamp step which interrupted some of the openings (2 or 3.5 s; see Fig. 10 ) and is therefore not graphed.
-50
In(k12) 150' S--1 --.
-250- 
DISCUSSION
In these studies we have established conditions whereby the delayed rectifier can be studied in the absence of other time-dependent currents, proposed a minimal model which accounts for the kinetic features that we have observed, and have compared this model to other proposed gating models for this channel. We have used a procedure for global parameter estimation to determine the voltage dependence of the rate constants for the model we have proposed. Finally, we have used these rate constants to make predictions regarding single-channel behavior, and have compared the predictions with recordings from delayed rectifier single channels in cell-attached patches.
Resolution of Multiple Components of Time-dependent Outward Current
The envelope test indicated that multiple components of time-dependent outward current were present in these cells (Fig. 3) . Steps above EIr are known to elicit decaying outward currents through inwardly rectifying K channels (Matsuda and Noma, 1984; Saigusa and Matsudal, 1988) ; however, this current inactivates rapidly (r < 5 ms). Other potassium channels that exist in mammalian heart, such as transient outward or Ca2+-activated currents, may make contributions to the time-dependent outward current in guinea pig ventricle. Lanthanum removed the extra component(s) of time-dependent outward current; further, the lanthanum- sensitive current during a step to + 20 mV rapidly activated and then inactivated, suggesting block primarily of a transient outward current. Aside from this pharmacological evidence, we have presented single-channel data (Fig. 4) which directly confirm the presence of an inactivating channel that would produce a transient outward component of macroscopic current. For reasons that are unclear, the magnitude of this current is variable; this variability may explain the absence of this current in guinea pig ventricular myocytes in earlier reports (Josephson et al., 1984) .
Other investigators have recently also described multiple components of timedependent outward K current in this cell type (Sanguinetti and Jurkiewicz, 1990) . It is possible that activation of the LaS+-sensitive current is Ca2+-dependent, since lanthanum is known to deplete sarcoplasmic reticulum calcium stores (WendtGallitelli and Isenberg, 1985) and to displace Ca ~+ from cell surface sites (Kim et al., 1987) . Transient outward currents are known to have Ca2+-sensitive and Ca ~+-insensitive components (Coraboeuf and Carmeliet, 1982) . However, we cannot rule out direct blockade of this transient outward conductance by the trivalent cation. The effect of La 3+ on delayed rectifier currents appeared to be minimal; at + 50 mV, La 3+ had little or no effect on the total time-dependent current developing during long depolarizations, which primarily reflects I K. The delay present in the activation of time-dependent outward current when La s+ is present (Fig. 3) thus reflects suppression of transient outward current(s) which contaminate measurement of I K after brief times at positive voltages, and not a direct effect of La 3+ on the delayed rectifier. figure. (Bottom) Ensemble averages (Po~ for the two patches, corrected for channel number and the unitary currents calculated from amplitude histograms (see Fig. 11 ). These ensembles were calculated from 21 sweeps recorded from the two-channel patch, and 29 sweeps from the three-channel patch.
Evaluation of IK Gating Kinetics
In calf Purkinje strands (Bennett et al., 1985) and single Purkinje myocytes , two time constants were resolved in the macroscopic deactivation of delayed rectifier currents; additionally, Gintant et al. (1985) were able to resolve two time constants during activation. In neither case was a fixed integral relationship between the time constants observed. Since the simplest state model (closed -open; Table I ) predicts only one time constant, and since the simplest state model with two time constants has three states, both groups expressed the gating reaction with two closed states before opening in the form of a general multistate Markovian chain (model 4, Table I ). Although Gintant et al. (1985) FIGURE 11. (Top) Amplitude histograms for the three-channel patch (/eft) and two-channel patch (r/ght) from Fig. 10 . The predominant unitary current levels were 0.8 and 0.7 pA, respectively, as assessed by least-squares fits to Gaussian curves (shown superimposed); the clamp potential was Vr~, + 140 mV (~+60 mV) in both experiments. Gaussian curves for lower amplitude openings were included; these intermediate peaks suggest openings to sublevels. (Bottom) Histograms showing time to first opening for both patches are shown after scaling into probability density (bin width 90 ms). The three-channel patch provided 20 latencies, and the two-channel patch provided 14 (null sweeps were ignored). The solid lines indicate the predicted latency distribution from the global fits to the whole-cell delayed rectifier currents using the C-C-C-O model. These curves have been corrected for channel number and temperature assuming Qa0 = 3.0.
activation (time constants of roughly 500 and 3,000 ms at -15 mV), neither these investigators nor Bennett et al. (1985) observed the earlier component associated with sigmoidal activation seen in our data and in other work from non-Purkinje preparations: e.g., guinea pig ventricular myocytes (Snyders et al., 1986; Matsuura et al., 1987) or frog atrium (Brown et al., 1976; Hume and Uehara, 1985; Simmons et al., 1986) 9 However, in Purkinje tissues, the experimental conditions (possible contaminating transient outward current, pacemaker currents, or calcium currents) may have prevented detection of an early sigrnoidal component 0"_< 100 ms) associated with I K activation. Hence, our results indicating that the C-C-O model accommodates the two later components of I K activation but not the early activation delay (Fig. 6 a) are consistent with earlier studies where this model has been employed. Addition of a third closed state allows reproduction of all kinetic features of I K activation, including early sigmoidal activation and the two later components (Fig. 6 b) .
To account for the sigmoidal nature of I K activation, several investigators have used n a Hodgkin-Huxley models: Hume et al. (1986) and Simmons et al. (1986) in frog atrium; and Matsuura et al. (1987) in guinea pig ventricular cells. Although the differences between our data and those from frog atrium may result from species differences, the study by Matsuura and co-workers (1987) was performed with the same preparation used here. Notably, the period of activation analyzed in their study included only the first 1,000 ms of I K activation, a period considerably shorter than that required for full activation (Fig. 5 b in Matsuura et al., 1988) , even at the slightly higher temperatures used in their study (34-36"C) . We have also shown that the n 2 model was adequate for a data set which is similarly reduced in duration (Fig. 5) ; however, such a model was inadequate if data from longer periods approaching steady-state activation were included. Our results indicated that I K activation occurred with time constants ranging over approximately two orders of magnitude; to achieve this range of time constants with Hodgkin-Huxley gating kinetics, an n ~1~176 model would be required due to the fixed relationship among the time constants in such models. Although we cannot exclude a parallel conductance model (Noble and Tsien, 1969; McDonald and Trautwein, 1978) , in order to account for sigmoidal activation kinetics at least one of the two parallel conductances must have multiple closed states preceding the open state. Further, previous work in Purkinje tissue (Bennett et al., 1985) suggests that both conductances have the same reversal potential. Therefore, it seems unnecessary to postulate the existence of multiple channel types to explain the observed behavior.
Rate Constant Estimation through Global Fitting: Predictions of Single Channel Behavior
We globally fitted the four-state Markovian chain model to six sets of macroscopic data from six different voltage-clamped guinea pig ventricular myocytes. A representative fit is shown in Fig. 7 ; notably, the model is capable of representing the general features of I K over a broad voltage range. The fits were qualitatively least satisfying at the voltage extremes (-80 and + 70) , and as predicted from previous evaluation of the global fitting procedure with simulated data (Balser et al., 1990) , the errors in extracting rate constants were greatest at boundary voltages (Fig. 8) . We have speculated that this phenomenon at boundary voltages results from the decrease in overlapping kinetic information from data at nearby voltages. However, as discussed in the Methods, voltage clamp errors may be larger at voltages where I K is large (+ 70 mV), and may also contribute to the fit errors at these limits. The errors in the rate constants were greatest at positive voltages for those rate constants controlling movement from open to closed states, whereas the errors were greatest at negative voltages for rate constants controlling movement from closed to open states. Thus, as shown in previous work evaluating the global fitting procedure (Balser et al., 1990) , and as one might predict, the rate constants were best defined at membrane potentials where they greatly influenced Pop, n. An interesting observation was that pairs of forward and reverse rate constants may be voltage dependent in the same direction (k12 and k~l, k34 and k43). Closer inspection of Fig. 8 , however, reveals that the relative magnitudes of these rate constants also change with voltage; hence, at positive voltages k4s (opening direction) was larger than k34 (closing direction), and at negative potentials k12 (closing direction) was larger than k21 (opening direction). Thus, the relative magnitudes of all six voltage-dependent rate constants determine the behavior of the system; this demonstrates the difficulty with making "intuitive" assumptions regarding the voltage dependence of the rate constants in a complex system (Balser et al., 1990) . The rate constants exhibiting the greatest voltage dependence (k12 and k32) were those leaving the middle closed state (state C~ in model 5, Table I ). Hence the free energy change required to leave this state was heavily influenced by membrane potential. This may suggest that the residence time in this state depends on movement of charges in the transmembrane protein.
Global fits using a three-term parameterization for the rate constants (Eq. 5a) were significantly better than those where the squared voltage dependence was excluded (Eq. 5b). A squared voltage dependence was also noted by Bennett et al. (1985) in their assessment of I K kinetics in Purkinje strands, and suggests that induced dipole forces are important modulators of delayed rectifier gating. The voltage dependence of the log transform of the rate constant controlling movement into the open state (k43) was highly nonlinear. This further supports the concept that channel opening was influenced by membrane field-induced dipoles within the channel protein.
A gating model is useful when it can be used to make testable predictions about channel behavior. The predicted channel open time at + 70 mV was 6.5 s. Hence, kinetic analysis of whole-cell delayed rectifier currents predicted single-channel openings of long duration; similar openings were detected in the single channel records (Figs. 10 and 12 ). The predicted relationship between steady-state (t ----200 s) Pop~ and membrane potential (Fig. 9 ) was similar to that determined from fitting macroscopic current tails to a Boltzmann distribution (Fig. 2) ; the activation threshold was -20 mV, and activation saturated at + 70 mV. The half-maximal voltage (+26 mV) was positive to that determined by other investigators (Matsuura et al., 1987; -13 mV) from tail amplitudes measured in guinea pig ventricular myocytes. However, they did not block the LaS+-sensitive current component, and we have repeatedly observed that outward tails do not satisfy the envelope test under these conditions. Occasionally, small deactivating outward tars were observed in solutions that did not contain La s+ after clamp steps to voltages where no time-dependent outward current developed (voltages below the I K activation threshold). Such tails may represent deactivation of a transient outward current. In our experiments directed at assessing the whole-cell kinetics of the delayed rectifier, the concentration of La s+ in the external solutions was 30 #M. In bullfrog atrial cells, 10 #M La 3+ had no effect on the kinetics, amplitude, or voltage dependence of I K (Nathan et al., 1988) ; however, significant effects were noted at 500 #M concentrations. Further, in solutions that contain no La 3+, we obtain activation curves that are more positive than those reported by Matsuura et al.; hence, the difference between our results and those of Matsuura et al. does not entirely result from a La3+-induced shift in the voltage dependence of delayed rectifier activation.
Single-Channel Delayed Rectifier Recordings
The most recent advances in our understanding of the molecular basis of cellular excitability have resulted from single channel recording (Hamill et al., 1981) . Although this technique has been successfully applied to the study of cardiac inward rectifier K channels (Sakmann and Trube, 1984) , measurements of delayed rectifier K channels in mammalian ventricle have remained elusive. Since catecholamines enhance the whole-cell delayed rectifier current (Bennett and Begenisich, 1987) , in both cell-attached patches (Fig. 10) we used isoproterenol (2 #M) in the external solutions. In the presence of isoproterenol, delayed rectifier whole-cell currents at + 60 mV are typically _> 1 hA. Assuming the cell dimensions described previously (radius ----10#M, length ----120 #M), and a single-channel current of 0.75 pA at +60 mV, the density of channels on the cell membrane should be approximately 18 channels/100 #m 2. While this density is somewhat lower than that of inward rectifier potassium channels (55 channels/100 #m~; Sakmann and Trube, 1984) , it does not explain the extreme rarity of observing these chaimels in cell-attached patches, nor does it account for the disappearance of channel activity after brief observation periods. Similar unexplained instability has been noted for cell-attached patch recordings of native Shaker A-type potassium channels from cultured Drosophila embryonic myotubes (Zagotta et al., 1989) .
Similarly, a discrepancy exists between the ensemble probability of channel opening at +60 mV in the cell-attached patches (Pop~_> 0.2, Fig. 10 ) and the analysis of whole-cell delayed rectifier steady-state current-voltage relationships (/'open > 0.9, Figs. 2 and 9) . The reason for the lower probability of channel opening for cell attached patches is unclear. It is possible that the same phenomena which are responsible for the extremely low probability of detecting single delayed rectifier channels and recording them for long periods also underlies the low probability of channel opening in patches where they are rarely and fortuitously observed. Recent studies have demonstrated that patch electrode glass composition may effect the ion channel current-voltage relationship (Cota and Armstrong, 1988; Furman and Tanaka, 1988) ; such effects were minimized in those studies by using >__ 10 mM EGTA in the electrode, which presumably chelated multivalent cations released by the glass. Although 11 mM EGTA was present in the electrodes for our whole-cell experiments, no EGTA was used for cell-attached patches since we did not wish to expose the external face of the ion channel to abnormally low levels of divalent cation. Our electrodes were made from a borosilicate glass, which minimized these artifacts in whole-ceU K current recordings from rat pituitary cells (Cota and Armstrong, 1988) ; however, we cannot exclude the possibility that this harder variety of glass releases substances that interfere with K channel opening in our patches. An alternative explanation is that glass-membrane interfacial forces stress the membrane patch and alter channel function (Furman and Tanaka, 1988) . Such effects on ion channels near the patch electrode would not be detectable in whole-cell current measurements for cells as large as these.
When the patch was depolarized to + 60 mV, the channels opened after a delay. Analysis of the time to first opening (latency) gave distributions which had a maximum value at a time later than zero (Fig. 11) , providing single-channel evidence for the existence of multiple closed states preceding the open state (Padak and Horn, 1982) . Although the predicted latency distributions from analysis of the whole-cell currents using the C-C-C-O model agreed well with the single-channel distributions, it was not feasible to use the measured latency distributions to discriminate among models with various numbers of closed states owing to the low number of recorded events. Further, since both patches contained multiple channels, unambiguous quantitative analysis of closed times was not feasible. However, inspection of the records from Fig. 10 suggests the presence of at least three components; these included very brief closures within long openings (_< 10 ms), short intervals between openings (50-500 ms), and very long closures (>__2 s; sweeps that contained no openings). These components are consistent with a kinetic model having three closed states, as suggested by analysis of the whole-cell delayed rectifier currents.
Analysis of amplitude histograms (Fig. 11) for the two patches gave a mean chord conductance of 5.4 pS (V m measured at Vrest + 140 mV: V m ~ +60 mV). There are currently no other reports of single-channel delayed rectifier currents from mammalian ventricle with which to compare these values. In mammalian cardiac cells the only single-channel studies of a delayed rectifier K channel have been in the nodal pacemaker cells of rabbit heart (Shibasaki, 1987) . In contrast to the outward currents we have recorded, Shibasaki studied inward K currents using elevated pipette K concentrations. Under these conditions a single channel conductance of 11.1 pS was observed at [K]o = 150 mM, and this value varied in proportion to the square root of [Kit from 100 to 300 mM. Extrapolation of this relationship to the more physiologic [Kit we utilized (4.5 mM) gives 1.9 pS, considerably lower than the chord conductance we observed. There are no data to indicate how G K for the delayed rectifier in ventricle depends on [K] o, especially at low concentrations. Further, the nodal channel inactivates (Shibasaki, 1987) , whereas there is no evidence in this or previous studies (Matsuura et al., 1987) to suggest that I K in ventricle inactivates. These differences suggest that the nodal K channels differ qualitatively from those in ventricle. Embryonic chick ventricle has a larger conductance channel (15 pS in [K] o ----4.0 mM) which may underlie I K in that species (Clapham and Logothetis, 1988) . Notably, the delayed rectifier channel from avian hepatocytes has recently been shown to have a slope conductance of 6 pS in cell-attached patches (Marchetti et al., 1988) . This channel, however, was fully activated in 200 ms, whereas delayed rectifier channels in cardiac cells require several seconds to fully activate.
Visual inspection of the records as well as analysis of the open times (Fig. 12 ) suggests multiple types of opening behavior for these channels. Although the longer component is underestimated due to the low number of events and the short duration of the clamp step, there is clearly a tendency for long openings on the order of seconds as predicted by the kinetic analysis of the whole-ceU currents. The shorter openings may be explained by block of the channel by one or more ions in the solution, or by a kinetic feature that is obvious at the single-channel level, but which could not be deduced from analysis of the macroscopic currents. In addition, openings of intermediate amplitude were noted at approximately one-half the main unitary current level (Fig. 12) ; examination of the single-channel records reveals long openings to sublevels (Fig. 10) . Subconductance openings have recendy been reported for cloned delayed rectifier K channels from rat brain expressed in both Xenopus oocytes (Stfihmer et al., 1988) and in a mammalian muscle cell line (Liman et al., 1989) . The subconductance openings in our study appeared relatively infrequently; hence, these openings do not explain the short open times which are prominent in the open time histogram. These results suggest that in addition to three closed states, a full model for delayed rectifier gating should include multiple open states.
Implications for Potassium Channel Structure
Recent advances in the elucidation of K channel structure have been derived from expression of the Shaker gene of Drosophila in Xenopus oocytes (Timpe et al., 1988; Schwarz et al., 1988) , which codes for an inactivating A-type K channel; the 70-kD protein subunits are thought to assemble in groups to form potassium channels. Although it is possible to reconstitute K channel behavior using only one class of Shaker subunits, several classes of proteins may be produced through alternative splicing. Multiple types of subunits may therefore be present in the native cell, and it has been suggested that native K channels might consist of heterologous subunits (Timpe et al., 1988; Schwarz et al., 1988) . Our data indicate that gating of the delayed rectifier in cardiac cells cannot be explained by Hodgkin-Huxley models, which require that gating particles or subunits are functionally identical and independent. Hence, the gating subunits for the cardiac channel may be either different (heterologous subunits), or functionally coupled, as suggested by Begenisich (1979) in his study of the delayed rectifier in frog node of Ranvier. Future studies that combine the expanding capabilities of molecular biology with electrophysiologic studies (Stiihmer et al., 1989) should provide important clues to the structure-function relationships in delayed rectifier K channel gating.
